The optimum conditions for autolysis and autoplast formation in Clostridium acetobutylicum P262 have been defined. Autolysis was optimal at pH 6.3 in 0.04 M sodium phosphate buffer, and the bacterium produced latent and active forms of an autolytic enzyme. The ability of cells to autolyze decreased sharply when cultures entered the stationary phase. Autoplasts were induced by 0.25 to 0.5 M sucrose and were stable in media containing sucrose, CaCl2, and MgCl2. A pleiotropic autolysis-deficient mutant (lyt-1) was isolated. The mutant produced less autolysin than did the parent P262 strain, and it had an altered cell wall which was more resistant to both its own and P262 autolysins. The mutant formed long chains of cells, and lysozyme was required for the production of autoplasts. Growth of the P262 strain or the lyt-1 mutant was inhibited by the same concentrations of penicillin, ampicillin, and vancomycin. The lyt-1 mutant strain treated with the minimum growth-inhibitory concentration of penicillin autolyzed upon the addition of wild-type autolysin to the autolysis buffer at the same rate as did the untreated P262 strain. Chloramphenicol did not protect the penicillin-treated lyt-1 cells against autolysis enhanced by exogenous wild-type autolysin.
Several bacterial species are known to possess autolytic enzymes (autolysins) which are capable of hydrolyzing cell wall components (10, 16, 18) . In contrast to the well-characterized systems of Streptococcus and Bacillus species, relatively little is known about the autolysis of Clostridium species (9, 12, 26) . In two recent papers (2, 25) we described the production and purification of an autolytic glycoprotein (molecular weight, 28,000) by Clostridium acetobutylicum in an industrial fermentation medium. The production and release of large amounts of the autolysin at a critical stage in the fermentation have implications for the industrial production of the solvents acetone and butanol by C. acetobutylicum. Since the fermentation process is being reinvestigated as an alternative to the chemical synthesis of solvents from hydrocarbons, it is important that the autolytic process be studied and that autolysis-deficient mutants be isolated and characterized.
MATERIALS AND METHODS
Bacterial strains, media, and antibiotics. C. acetobutylicum strain P262, which has been described previously (2) , was grown in the buffered Clostridium basal medium (CBM) of O'Brien and Morris (13) and in a glucose-mineral salts-biotin minimal medium (11) .
Cultures were incubated at 370C, and all manipulations were carried out under stringent anaerobic conditions in an anaerobic glove box (Forma Scientific, Inc., Marietta, Ohio). Benzylpenicillin (Glaxo-Allenburys, Germiston, South Africa), ampicillin ( Effect of cell wall antibiotics. Penicillin (0.10 Lg/ ml), vancomycin (2.0 ,g/ml), chloramphenicol (2.5 ,ug/ ml), and D-cycloserine (100 ,Lg/ml) were added to exponential-phase CBM cultures of P262 and lyt-1 mutant cells. Growth was monitored at 600 nm, and the viability of the cultures was assayed by routine plating procedures. Antibiotics were removed before plating by dilution to levels that had no detectable effect on bacterial growth in agar medium. Preparation of C. acetobutylicum P262 autolysin. Exponential-phase P262 cultures (40 ml) were harvested as described for cellular autolysis, suspended in 6 ml of autolysis buffer, and allowed to autolyze at 37°C for 60 min. The clear lysate was used as the source of exogenous wild-type autolysin.
RESULTS
Cellular autolysis in sodium phosphate and ammonium acetate buffers. C. acetobutylicum cells suspended in various buffers autolyzed, and the concentrations of sodium phosphate and ammonium acetate buffers (pH 6.3) affected the autolysis of the P262 strain ( nium acetate is not a good buffer at pH values near neutrality, sodium phosphate buffer was used in all further experiments. Autolysis of exponential-phase cells in 0.04 M sodium phosphate buffer was optimal between pH 6.0 and pH 6.5. Above pH 6.5 and below pH 6.0, the cellular autolysis rate decreased markedly.
Effect oftrypsin on autolytic activity. The effect of trypsin on the autolysis and the release of autolysin from autolyzing C. acetobutylicum P262 cells was investigated. Cells from an exponential-phase culture were autolyzed in the presence and absence of trypsin (1 ,ug/ml), and the autolysis and the cell-free autolysin activity were determined (Fig. 2) . Trypsin enhanced the rate of autolysis and the release of cell-free autolysin which was not sedimented by centrifugation at 11,000 x g for 10 min. Cell-free autolysin activity assayed against sodium dodecyl sulfate-treated walls reached a maximum after cellular autolysis had occurred. The optimal concentration of trypsin was 1 ,ug/ml, and the rate of autolysis was not affected by higher concentrations of trypsin. Up to 1 Ag of trypsin per ml, there was a linear relationship between autolytic activity and trypsin concentration.
Autolysis-deficient mutant. An autolysisdeficient mutant (lyt-1) which did not produce a halo of lysis on the P262 indicator plates was isolated after ethyl methane sulfonate treatment of the P262 strain. Autolysin activity and growth phase. The levels of active and latent (trypsin-activable) forms of the autolysin produced by strain P262 and the lyt-1 mutant were compared at different stages in the growth cycle (Fig. 3) . Both strains showed identical growth rates in CBM, and peaks of active autolysin activity and total autolysin activity were obtained during midexponential growth. Autolysin activity decreased sharply at the end of the exponential growth phase. The autolytic activity of the lyt-1 mutant was markedly less than that of the P262 strain, and it produced 75 and 42% lower levels of active and total autolysin, respectively. At the peak of autolysin activity (during midexponential growth), the ratios of active autolysin to latent autolysin were 14:1 in the P262 strain and 6:1 in the lyt-1 mutant.
Although the growth rates of the P262 strain and the lyt-1 mutant were identical in CBM, they differed in miniimal medium. The lyt-1 mutant had a shorter lag phase, a faster growth rate, and a higher cell yield in the miniimal medium than did the P262 strain.
Cell wall autolysin activity. Cells from exponential CBM cultures of C. acetobutylicum P262 and the lyt-1 mutant were subjected to cellular autolysis in the sodium phosphate buffer. The activities of the autolysins released into the supernatants were tested against sodium dodecyl sulfate-treated wall preparations from each of the strains. Autolysins from strain P262 and the lyt-1 mutant showed reduced activities against lyt-1 cell wall preparations ( (Fig. 4) . The lyt-1 mutant showed the same susceptibilities to penicillin, ampicilhn, and vancomycin as did strain P262.
Although these antibiotics inhibited exponential broth cultures, no lysis was observed. Penicillintreated cells showed a 105-fold loss in viability within 60 min after the addition of penicillin (Table 4) . Similar results were obtained with ampicillin and vancomycin. The minimal inhibitory concentration of penicillin in CBM agar plates was 0.5 ,tg/ml for both strain P262 and the lyt-1 mutant. Both strains were resistant to 100 ,ug of D-cycloserine per ml. The effect of penicillin pretreatment on the autolysis of lyt-1 cells was determined. Penicillin treatment of lyt-1 cells for 1 h before the addition of exogenous strain P262 autolysin enhanced cellular autolysis in the autolysis buffer (Table  5) , and under these conditions the lyt-1 cells showed rates of autolysis similar to that of untreated P262 cells. The addition of chloramphenicol (2.5 ,ug/ml) 5 min before the addition of penicillin did not protect the lyt-1 cells from the increased rate of autolysis by exogenous strain P262 autolysin. DISCUSSION In common with a number of bacteria (10, 16, 18) C. acetobutylicum P262 produces latent and active forms of an autolytic enzyme(s). Proteases are able to activate the enzyme(s). It appears that one active cell-free enzyme is produced, and a single autolytic glycoprotein (molecular weight, 28,000) has been purified from an industrial fermentation medium (25) and from supernatant fractions after sucrose-induced cellular autolysis (unpublished data). Autolysis of C. acetobutylicum is similar to that in Streptococcus faecalis (14) and that in Lactobacillus aci-APPL. ENVIRON I ). dophilus (4) in that the ability of cells to auto-in that it produces less autolysin than the parent lyze decreases sharply when the cultures enter P262 strain and has an altered cell wall which is the stationary growth phase. more resistant to both its own and P262 au-
The autolysis-deficient mutant is pleiotropic tolysins. Treatment of the lyt-1 mutant with (10, 16, 18) which have been described in that they all possess reduced, but detectable, levels of autolytic activity and form long chains of cells (15, 22) . There are only two examples of mutations altering the autolytic enzymes themselves (3,5). The C. acetobutylicum lyt-1 mutant differs from mutants of S. faecium with reduced autolytic activity, which show reduced growth rates and yields in complete and minimal media (20) , and appears to be unusual in that it is inhibited by the same concentrations of penicillin, ampicillin, and vancomycin that inhibit the parental strain. Pleiotropic mutants of Bacillus licheniformis (17) and Diplococcus pneumoniae (Streptococcus pneumoniae) (23) which had walls that were modified so that they were more resistant to their own autolytic enzymes were more resistant to wall-inhibiting antibiotics than were the parental strains. Lysis by low concentrations of wall-inhibiting antibiotics was reduced in autolysis-deficient mutants of B. subtilis (6). In S. faecalis an increase in penicillin and cycloserine resistance occurred as the ability of the cells to autolyze decreased and as the wall thickened (19) .
Penicillin treatment of the lyt-1 mutant enhanced lysis upon the addition of exogenous wild-type autolysin in the autolysis buffer. A similar observation in growth medium was reported for an autolysin-defective D. pneumoniae mutant (24) . However, the two mutants differed in that chloramphenicol did not protect the C. acetobutylicum lyt-1 cells against lysis by exogenous enzyme. The D. pneumoniae cells were protected by chloramphenicol, and it was concluded that it protects bacteria against penicillin-induced lysis by interfering with the activity of the autolytic enzyme.
The C. acetobutylicum lyt-1 mutant therefore has two interesting properties (the same susceptibilities to penicillin, ampicillin, and vancomycin as the wild-type parent and no protection by chloramphenicol from penicillin-induced lysis) which make it suitable for further studies on the mode of action of penicillin and related antibiotics.
The ability of the lyt-1 mutant to produce solvents is being investigated. Because autolysis of the mutant is not induced by high concentrations of sucrose, it has the potential of utilizing and converting higher concentrations of molasses to solvents than does the parent strain.
